Elsevier Nardi, G.; Manet, I.; Monti, S.; Miranda Alonso, MÁ.; Lhiaubet-Vallet, V. (2014 oxygen gives rise to a EPR detectable TEMPO signal that is not associated with singlet oxygen production. This knowledge is essential for an appropriate and error-free application of the TEMPO/EPR method in chemical, biological and medical studies.
Introduction
Singlet oxygen (molecular oxygen in a 1  g state or 1 O 2 ) is one of the most important "reactive oxygen species" (ROS). Its reactions include oxidation of lipids [1] [2] , proteins [3] [4] [5] and nucleic acids [6] [7] [8] , that may trigger a biological damage. This reaction cascade can lead to undesired adverse effects, like drug-induced phototoxicity [9] [10] , but can also be exploited to produce beneficial effects as in photodynamic therapy [11] [12] .
Production of 1 O 2 by a photosensitizer is a classical example of photoinduced energy transfer: after absorption of light, the photosensitizer reaches its singlet excited state and subsequently crosses to its triplet excited state. Then, the triplet ground state of molecular oxygen
) is promoted to the 1  g state through triplet-triplet energy transfer [13] .
For many biological and biomedical studies, it is essential to detect the production of 1 O 2 and quantify its production yield. Among the available methods, detection of the characteristic 1270 nm phosphorescence of singlet oxygen by time resolved near infrared (TRNIR) emission constitutes the most direct and unambiguous proof [14] [15] . However, the required equipment is not always available in biochemical laboratories.
An alternative indirect method that has been widely applied is the use of electron paramagnetic resonance (EPR) in combination with a 1 O 2 probe. Upon reaction with 1 O 2 , the trapping molecule gives rise to a detectable spin active species with a distinctive line pattern. Thus, oxidation of TEMP (2,2,6,6-tetramethylpiperidine) by singlet oxygen yields the TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxyl) free radical easily detected by EPR ( Figure 1 ) [16] . Although the TEMPO/EPR method has been largely employed [17] [18] [19] [20] [21] [22] [23] [24] [25] , a systematic investigation of the scope and limitations of this technique has never been performed. For instance, amines are widely known for their quenching ability of excited states, so a probable source of artefacts may be the interaction between the excited photosensitizer and TEMP [26] [27] [28] [29] . The aim of the present study is to compare the results obtained for the detection and quantification of singlet oxygen by means of the direct method (TRNIR emission) and the indirect 1 O 2 trapping mode (TEMPO/EPR method), using a set of well known photosensitizers. The basis of the TEMPO method and the chemical structure of the selected photosensitizers are shown in Figure 1 . The obtained results reveal that the EPR method leads to significant overestimation of singlet oxygen production when the singlet or triplet excited state of the photosensitizers are efficiently quenched by TEMP, acting as electron donor. 
Fluorescence lifetimes
Fluorescence decays were measured in air-equilibrated solutions with a time-correlated single photon counting apparatus (IBH 5000F) equipped with a TBX picosecond photon detection module.
A NanoLED pulsed excitation source at 331 and 278 nm was used and the emission was collected at right angle at 341 or 320 nm using a long pass cutoff filter at 305 nm. Fluorescence decay profiles were fitted using a monoexponential function of the decay analysis software DAS6
provided by the manufacturer with deconvolution of the instrumental response function.
Laser flash photolysis measurements
The beam of a pulsed Nd:YAG laser, operating at 532 nm or 355 nm (20 ns fwhm, 2 Hz, 2.7 mJ/pulse), was suitably shaped to pass through a 3 mm high and 10 mm wide rectangular window and provide a fairly uniform energy density of 9 mJ/cm 2 incident onto the sample cell. A front portion of 2 mm depth of the excited solution was probed at right angle, the useful optical path for analyzing light being 1 cm. All transient spectra were recorded with 3 mL of sample solutions in 1 × 1 cm 2 quartz cells; when specified ACN solutions were bubbled for 10 min with Ar before data acquisition. The absorbance of the samples was kept in the range 0.30-0.40 at the laser wavelength.
Stock solutions of the quenchers were prepared, so that addition of microliter volumes to the sample cell allowed us to obtain the appropriate quencher concentration.
The bimolecular rate constant k q (M -1 s -1 ) for quenching of the triplet states was calculated from the slope of linear plots of the observed triplet decay rate constant k obs (s -1 ) versus the quencher concentration, applying equation 2:
where k 0 is the triplet decay rate constant in the absence of quencher, and [Q] is the quencher molar concentration (M).
Singlet oxygen time-resolved near infrared (TRNIR) emission measurements
The 
EPR trapping measurements
The EPR signal of the free radical TEMPO (g = 2.0060, a N = 17.3 G) generated by reaction of singlet oxygen with TEMP was recorded [31] . The measurements were performed in a Wildman
Suprasil/aqueous quartz ware flat cell (volume of 150 L, 60 mm of length) with a Bruker EMX 10/12 EPR spectrometer, using the following parameters: microwave power, 20 mW; modulation amplitude, 1.0 G; and modulation frequency, 100 kHz. In the case of tris(4-bromophenyl)aminium hexachloroantimonate (BAHA) oxidation, EPR spectra of aerated ACN solutions of 50 mM TEMP were recorded before and after addition of 0.1 BAHA equivalents.
Photoinduced electron transfer
According to the free energy change G for electron transfer is expressed by:
where E ox is the oxidation potential of the donor, E red the reduction potential of the ground state acceptor, E* the energy of the acceptor excited state and C is a coulombic term accounting for the electrostatic attraction of the produced ions. Neglecting the C term, G was calculated using the following values for the potentials: E ox (TEMP) = 1.0 V and E red = -1.2, -1.3, -2.6 and -1.8 V vs SCE for PN [33] , BP [20] , NP [34] and CBZ [35] , respectively. In the case of PN [36] and BP [20] , the lowest triplet excited state energy was considered for E* with values of 220 and 292 kJ mol -1 , respectively, whereas this parameter was associated with the singlet manifold for NP [34] and CBZ [37] , using values of 377 and 344 and kJ mol -1 , respectively. Table 1 . The results of TRNIR direct method are in accordance with literature values [37] [38] [39] . However, the quantum yield of benzophenone evaluated by indirect method TEMPO/EPR was significantly higher. This result is somewhat intriguing as, upon addition of 50 mM TEMP to the benzophenone solution, the direct TRNIR emission measurement led to nearly zero quantum yield ( Figure 2B and 3A). 
Results and discussion

Effect of added TEMP on singlet oxygen detection by TRNIR
To investigate the direct effect of TEMP on 1 O 2 production, TRNIR emission measurements were performed with photosensitizers in presence of increasing amounts of TEMP. As shown in Figure 3 , in the absence of TEMP the 1 O 2 lifetime was 85 µs using either phenalenone or benzophenone, in accordance with the literature value [40] . Addition of TEMP to the solution had different consequences depending on the photosensitizer: in the case of phenalenone TEMP acted as a poor Table 1 . Overall, the results related to excited state quenching by TEMP suggest the possibility of an alternative electron transfer reaction pathway for the oxidation of TEMP that produces a detectable TEMPO signal not involving singlet oxygen.
Electron transfer oxidation of TEMP to TEMPO
Photoinduced electron transfer (PET) is a feasible reaction between ketone or aromatic hydrocarbon photosensitizers and amines [26] [27] [28] [29] . Being a secondary amine, TEMP (E ox = 1.0 V vs SCE) [45] could be oxidized by PET if the process is thermodynamically allowed. According to Rehm-Weller [32] , this requirement is fulfilled for all the investigated photosensitizers. Indeed G for electron transfer is in all cases negative, being of ca. -10, -70, -30 and -70 kJ mol -1 for PN, BP, NP and CBZ, respectively.
To actually prove that an electron transfer reaction can contribute to the production of the TEMPO radical, TEMP was oxidized by tris(4-bromophenyl)aminium hexachloroantimonate (also named BAHA or magic blue), a known one-electron oxidizing agent (E red = 1.17 V vs SCE) [46] . Addition of BAHA to a solution of TEMP in acetonitrile led to the bleaching of the initial blue color, which turned pale brown ( Figure S7 in the Supplementary Material). The resulting solution was analyzed by EPR, and an enhanced TEMPO signal was observed under aerobic conditions (see Figure S8 in the Supplementary Material). The mechanistic scheme explaining these results is outlined in Figure   5 . Generation of the radical cation TEMP +• is followed by deprotonation and reaction of the resulting neutral radical with molecular oxygen, finally leading to the TEMPO radical [47] [48] [49] . The methodology was applied to rose Bengal (RB), a 1 O 2 photosensitizer widely used in cellular experiments. Steady-state fluorescence showed an almost unaltered emission of RB singlet excited state in the presence of 100 mM TEMP ( Figure 6A ). This result is in accordance with time-resolved measurements, which allowed determining a very low quenching rate constant of ca. 10 7 M -1 s -1
( Figure 6A, inset) . Likewise, the triplet excited state of RB was not affected by the presence of the secondary amine ( Figure 6B ). Thus, from these data one can anticipate that the RB singlet oxygen quantum yield obtained by the TEMPO/EPR method should correlate well with that reported in the literature (  = 0.54) [50] . This was confirmed by performing the EPR experiment using PN as standard, which led to a very reasonable value of 0.56 ( Figure 6C ). 
Conclusion
Detection and quantification of singlet oxygen by means of the TEMPO/EPR method is a useful and widely employed technique. This method however may be misleading when the excited photosensitizer is capable to react with TEMP, acting as an electron donor. In this case, generation of the TEMP +• radical cation, followed by deprotonation and reaction with molecular oxygen, gives rise to a EPR detectable TEMPO signal that is not associated with singlet oxygen production. The possibility of such an electron transfer interference can be anticipated by means of simple thermodynamic calculations based on redox potentials and excited state energies. In addition, this source of artifacts can be safely ruled out when no quenching of the photosensitizer singlet and triplet excited states by TEMP is observed in fluorescence and laser flash photolysis experiments, (C) respectively. Thus the application of such relatively simple techniques provides knowledge that is essential for an appropriate and error-free application of the TEMPO/EPR method of singlet oxygen detection in chemical, biological and medical studies.
Appendix A. Supplementary material
Supplementary data associated with this article can be found in the online version at xxxxxxxxxxx
